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SPECIFICATION 

HYDROGEN PRODUCTION METHOD, HYDROGEN PRODUCTION APPARATUS, 
HYDROGEN SUPPLY PLANT, AND ELECTRIC POWER GENERATION METHOD 

Technical Field 

The present invention relates to a method for producing 
hydrogen and a hydrogen-containing fuel gas by subjecting a 
raw material, such as waste, to chemical reaction using a 
shock wave which is generated by instantaneously releasing a 
high-pressure gas prepared using relatively low-temperature 
waste heat energy discharged from various types of heat 
processes including waste incineration plants, and to an 
apparatus for producing hydrogen, a hydrogen supply plant, 
and a method for generating electric power by burning a 
hydrogen-containing gas . 

Background of the Invention 

In order to produce hydrogen by reforming a wasted raw 
material with steam, an environment-conscious method (for 
example, Japanese Unexamined Patent Application Publication 
No. 2000-272904, pp. 3-4, FIG.l, hereinafter referred to as 
"prior art 1") may be applied to the hydrogen production 
process, which uses a heating furnace-type, double tube-type 
steam reforming reactor partitioned with a wall having a 



specific hydrogen separation membrane. In such a method, 
hydrocarbon as a raw material and steam are fed into one 
part of the double tube filled with a catalyst to perform a 
reforming reaction, and gas discharged from this part is 
cooled to be separated into a gas phase and a liquid phase. 
The resulting hydrogen is allowed to flow continuously into 
the other part of the double tube through the hydrogen 
separation membrane. At the same time, a part of the 
hydrogen is fed into the heating furnace together with 
oxygen to burn, so that heat is applied to the reforming 
reactor . 

In another method, adopting a steam reformer process by 
using natural gas, (for example, Japanese Unexamined Patent 
Application Publication No. 62-197301, pp. 1-4, FIG. 1, 
hereinafter referred to as "prior art 2"), a mixture of 
steam and hydrocarbon as a raw material, such as natural gas 
and propane gas is brought into contact with a high- 
temperature reforming catalyst in a reactor to be reformed 
into gas that contains hydrogen and carbon monoxide, and the 
hydrogen is separated from the reformed gas. 

In prior art 1, the reactant being a mixture of the raw 
material and steam must be heated to a high temperature of 
at least 450°C in order to perform a reforming reaction of 
high-temperature steam. Accordingly, prior art 1 requires a 
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constantly available heat source of at least 620°C, 
generally about 800°C, and a fuel for the heat source. This 
produces not only the problem of consuming fuel inevitably, 
but also the problem of generating carbon dioxide due to the 
combustion of the fuel. In addition, since the reactor must 
maintain a constantly high-temperature field, it is required 
that at least the internal wall of the reactor is formed of 
expensive fire-resistant material, and consequently there 
occurs a problem that the investment cost becomes higher. 

In prior art 2, the interior of the reactor must be in 
a high temperature state before reaction for producing 
hydrogen. Accordingly, there occurs a problem that a large 
amount of energy loss happens, when the equipment starts or 
suspends the operation. And there occurs a problem that the 
running cost of the equipment becomes higher. The time 
consuming also becomes bigger. Accordingly, once the 
interior of the reactor is brought into a high temperature 
state, hydrogen should be continuously produced for a long 
time. Thus, it is undesirably difficult to operate the 
system only when it is required to supply the hydrogen. And 
it is undesirably difficult to produce the hydrogen in 
accordance with a required small scale production or in 
accordance with a required short time production. In 
addition, since the temperature in the reactor is maintained 
high over a long period from the startup time to the 



suspension time, the apparatus is required to be constituted 
of a large amount of refractories, and consequently the 
investment cost becomes undesirably higher. Also, since 
natural gas or propane gas is used as a raw material, the 
running cost that is spent on the apparatus increases. 
Furthermore, carbon dioxide is emitted to an extent of an 
amount as much as equal or more than an amount of the 
produced hydrogen. Therefore, from the standing point of 
preventing global warming, the above-mentioned emission, 
which has been a worldwide problem in the recent years, is 
unfavorable . 

Summary of Invention 

The present invention has been accomplished in order to 
overcome those disadvantages above. The object of the 
invention is to provide a method and an apparatus for 
producing hydrogen and a hydrogen supply plant. The method, 
apparatus, and plant perform hydrogen production, which 
requires high temperature, at a low cost using relatively 
low-temperature waste heat energy discharged from various 
types of heat processes, and the hydrogen production 
apparatus is so easy to start and suspend the operation as 
to reduce running cost and facility cost. Specifically, the 
present invention provides the following: 



- 5 - 

1. A method for producing hydrogen comprising: 

the step of heating a fluid to turn into a high- 
pressure gas having a temperature in the range of 200°C or 
higher to 400°C or lower by heat exchange with a heat 
source; 

the step of feeding a raw material into a reactor; 

the step of instantaneously releasing the high-pressure 
gas into the reactor to generate a shock wave; and 

the step of impact-compressing the raw material by the 
shock wave to heat the raw material, thereby producing 
hydrogen . 

2. A method for producing hydrogen comprising: 

the step of heating a fluid to turn into a high- 
pressure gas having a pressure at least five times as high 
as the internal pressure of a reactor before reaction by 
heat exchange with a heat source; 

the step of feeding a raw material into the reactor; 

the step of instantaneously releasing the high-pressure 
gas into the reactor to generate a shock wave; and 

the step of impact-compressing the raw material by the 
shock wave to heat the raw material, thereby producing 
hydrogen . 
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3. A method for producing hydrogen comprising: 

the step of heating a fluid having a low boiling point 
to turn into a high-pressure gas by heat exchange with a 
heat source; 

the step of feeding a raw material into a reactor; 

the step of instantaneously releasing the high-pressure 
gas into the reactor to generate a shock wave; and 

the step of impact-compressing the raw material by the 
shock wave to heat the raw material, thereby producing 
hydrogen . 

4. The method for producing hydrogen according to any one 
of above 1, 2, and 3 further comprising the step of 
separating the hydrogen from other products. 

5. In the method for producing hydrogen according to any 
one of above 1, 2, and 3, the heat source is at least one of 
heat generating sources installed in thermal power plants, 
waste incineration plants, waste disposal plants, pig iron 
making facilities of ironworks, steel making facilities of 
ironworks, scrap melting facilities, nonferrous metal 
refining facilities, cement firing facilities, combustion 
facilities, and facilities using geothermal heat. 



6. In the method for producing hydrogen according to any 



one of above 1, 2, and 3, the heat source is a combustion 
facility which generates steam from heat generated therefrom 
and which uses the steam for electric power generation. 

7. In the method for producing hydrogen according to any 
one of above 1, 2, and 3, the heat source is a combustion 
facility which generates steam from heat generated therefrom 
and which uses the steam for electric power generation, and 
the high-pressure gas is surplus steam. 

8. An apparatus for producing hydrogen comprising: 

a heat source; 

a heat exchanger for heating a fluid to turn into a 
high-pressure gas having a temperature in the range of 200°C 
or higher to 400°C or lower by heat exchange with the heat 
source; 

a raw material feeder for feeding a raw material into a 
reactor; and 

the reactor for producing hydrogen by instantaneously 
releasing the high-pressure gas to generate a shock wave and 
impact-compressing the raw material by the shock wave to 
heat the raw material. 

9. An apparatus for producing hydrogen comprising: 

a heat source; 
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a heat exchanger for heating a fluid to turn into a 
high-pressure gas having a pressure at least five times as 
high as the internal pressure of a reactor before reaction 
by heat exchange with the heat source; 

a raw material feeder for feeding a raw material into 
the reactor; and 

the reactor for producing hydrogen by instantaneously 
releasing the high-pressure gas to generate a shock wave and 
impact-compressing the raw material by the shock wave to 
heat the raw material. 

10. An apparatus for producing hydrogen comprising: 
a heat source; 

a heater for heating a fluid having a low boiling point 

to turn into a high-pressure gas, 

a feeder for feeding a raw material into a reactor, and 
the reactor for producing hydrogen by instantaneously 

releasing the high-pressure gas to generate a shock wave and 

impact-compressing the raw material by the shock wave to 

heat the raw material. 

11. In the apparatus for producing hydrogen according to 
any one of above 8, 9, and 10, the heat source is at least 
one of heat generating sources installed in thermal power 
plants, waste incineration plants, waste disposal plants, 



- 9 - 

pig iron making facilities of ironworks, steel making 
facilities of ironworks, scrap melting facilities, 
nonferrous metal refining facilities, cement firing 
facilities, combustion facilities, and facilities using 
geothermal heat. 

12. The apparatus for producing hydrogen according to any 
one of above 8, 9, and 10 further comprises a separator for 
separating the hydrogen from other products. 

13. In the apparatus for producing hydrogen according to 
any one of above 8, 9, and 10, the heat source is a 
combustion facility which generates steam from heat 
generated therefrom and which uses the steam for electric 
power generation. 

14. In the apparatus for producing hydrogen according to 
any one of above 8, 9, and 10, the heat source is a 
combustion facility which generates steam from heat 
generated therefrom and which uses the steam for electric 
power generation, and the high-pressure gas is surplus steam. 

15. A hydrogen supply plant comprising: 
a heat source; 

a steam generator for generating steam having a 



temperature in the range of 200°C or higher to 400°C or 
lower by heat exchange with the heat source; 

a raw material feeder for feeding a raw material into a 
reactor; 

the reactor for producing hydrogen by instantaneously 
releasing the steam to generate a shock wave and impact- 
compressing the raw material by the shock wave to heat the 
raw material; 

a separator for separating the hydrogen from a product 
containing the hydrogen produced in the reactor; and 

an apparatus for supplying the separated hydrogen. 

16. A hydrogen supply plant comprising: 
a heat source; 

a steam generator for generating steam having a 
pressure at least five times as high as the internal 
pressure of a reactor before reaction by heat exchange with 
the heat source; 

a raw material feeder for feeding a raw material into 
the reactor; 

the reactor for producing hydrogen by instantaneously 
releasing the steam to generate a shock wave and impact- 
compressing the raw material by the shock wave to heat the 
raw material; 

a separator for separating the hydrogen from a product 
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containing the hydrogen produced in the reactor; and 

an apparatus for supplying the separated hydrogen. 

17. In the hydrogen supply plant according to above 15 or 
16, the heat source is a combustion facility which generates 
steam from heat generated therefrom and which uses the steam 
for electric power generation, and at least part of the 
steam is used for hydrogen production when hydrogen supply 
is required. 

18. A method for generating electric power, comprising the 
steps of: 

heating a fluid to turn into a high-pressure gas having 
a temperature in the range of 200°C or higher to 400°C or 
lower by heat exchange with a heat source; 

feeding a raw material into a reactor; 

instantaneously releasing the high-pressure gas into 
the reactor to generate a shock wave; 

impact-compressing the raw material by the shock wave 
to heat the raw material, thereby producing gas that 
contains hydrogen; and 

burning the gas that contains hydrogen in a gas turbine 
to generate electric power. 



19. A method for generating electric power, comprising the 
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steps of: 

heating a fluid to turn into a high-pressure gas having 
a pressure at least five times as high as the internal 
pressure of a reactor before reaction by heat exchange with 
a heat source; 

feeding a raw material into the reactor; 

instantaneously releasing the high-pressure gas into 
the reactor to generate a shock wave; 

impact-compressing the raw material by the shock wave 
to heat the raw material, thereby producing gas that 
contains hydrogen; and 

burning the gas that contains hydrogen in a gas turbine 
to generate electric power. 

20. The method for generating electric power according to 
above 18 or 19 further comprises the steps of: 

storing the gas that contains hydrogen; and 
controlling the amount of electric power generation 
according to demand for electric power. 

21. A method for producing hydrogen comprising the steps 
of: 

feeding reactive particles containing a hydrocarbon or 
carbon into a compression chamber of a reactors- 
feeding steam into the compression chamber of the 
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reactor; 

reacting the reactive particles with the steam each 
other, by heating a mixture of the reactive particles and 
the steam fed into the compression chamber to a high 
temperature, to produce gas that contains hydrogen, wherein 
the reaction step comprises the sub step of impact- 
compressing the mixture by a shock wave generated by jetting 
a high-pressure gas and by heating the mixture in the 
compression chamber to a high temperature, to react the 
reactive particles with the steam each other; and 

separating the hydrogen from the gas that contains the 
hydrogen . 

22. The method according to above 21 further comprises the 
step of feeding the steam as a high-pressure gas into the 
compression chamber . 

23. In the method according to above 21 or 22, the reactive 
particles comprise one selected from the group consisting of 
waste plastic powder, sprayed particles of melted plastic, 
powdered coal, and coke breeze. 

24. An apparatus for producing hydrogen in which a mixture 
of reactive particles containing a hydrocarbon or carbon and 
steam is heated to a high temperature to react, thereby 



- 14 - 

producing gas that contains hydrogen and in which the 
hydrogen is separated from the gas that contains the 
hydrogen, the apparatus comprising: 

a compression chamber for accommodating the mixture of 
the reactive particles and the steam and compressing the 
mixture; 

reactive particle feeding means for feeding the 
reactive particles into the compression chamber; 

steam feeding means for feeding the steam into the 
compression chamber; and 

shock wave generating means for generating a shock wave 
for impact-compressing the mixture of the reactive particles 
fed into the compression chamber and the steam, wherein the 
shock wave generating means includes: 

a gas accommodation chamber for accommodating a high- 
pressure gas and communicating the high-pressure gas to the 
compression chamber; and 

switching means for establishing and blocking a 
communication between the gas accommodation chamber and the 
compression chamber, 

wherein the high-pressure gas in the gas accommodation 
chamber is instantaneously jetted by the switching means to 
generate the shock wave, and the shock wave is propagated 
into the compression chamber and impact-compresses the 
mixture in the compression chamber to heat the mixture to a 
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high temperature , thereby allowing the reactive particles 
and the steam to react to produce the gas that contains 
hydrogen. 

25. The apparatus for producing hydrogen according to above 
24 further comprises: 

compression chambers extending along the axis of a 
rotatable revolution body, located in a plurality of 
positions in the peripheral direction of the revolution body, 
the compression chambers each having an opening at at least 
one end thereof in the axis direction; and 

switching means having a gas jetting port at a position 
in the radius direction of the compression chambers, the gas 
jetting port being allowed to communicate with the gas 
accommodation chamber by rotating the revolution body in 
which the gas jetting port is opposed to the openings of the 
compression chambers and an end surface of the revolution 
body alternately, 

wherein the gas jetting port is closed by being opposed 
to the end surface of the revolution body, and is opened to 
establish a communication with the compression chamber by 
being opposed to one of the openings of the compression 
chambers, and 

wherein the shock wave of the high-pressure gas is 
intermittently propagated into the plurality of compression 



chambers by repetition of a sequence of blocking and 
establishing the communication. 

26. The apparatus for producing hydrogen according to above 
24 or 25 further comprises steam feeding means through which 
the shock wave generating means accommodates the steam 
generated by a waste heat boiler as the high-pressure gas in 
the gas accommodation chamber. 

27. The apparatus for producing hydrogen according to any 
one of above 24, 25, and 26 further comprises a Laval nozzle 
a gas tank, a filter apparatus, and a hydrogen separator. 

Brief Description of the Drawings 

FIG.l is a structural block diagram of a hydrogen 
production apparatus according to Embodiment 1 of the 
present invention . 

FIG. 2 is a sectional view of the hydrogen production 
apparatus shown in FIG.l. 

FIG. 3 is a timing chart of the hydrogen production 
apparatus according to Embodiment 1 of the present invention 

FIG. 4. is a structural block diagram of a hydrogen 
production apparatus according to Embodiment 2 of the 
present invention. 



FIG. 5 is a structural block diagram of a hydrogen 
production facility according to Embodiment 4 of the present 
invention. 

FIG. 6 is a structural block diagram of an electric 
power generation facility burning gas that contains hydrogen 
according to Embodiment 5 of the present invention. 

FIG. 7 is a schematic diagram of the structure of a 
hydrogen production apparatus according to Embodiment 6 of 
the present invention. 

FIG.8A is a schematic illustration showing the 
structure of a compression chamber provided in the hydrogen 
production apparatus shown in FIG. 7. 

FIG.8B is a cross-sectional view taken along line I-I 
in FIG.8A. 

FIG. 9 is a sectional view of a shock wave generator for 
producing hydrogen according to an embodiment of the present 
invention . 

FIG. 10 is a structural diagram of a combination of the 
shock wave generator shown in FIG. 9 and a hydrogen 
production apparatus connected to each other. 

FIG. 11 is a diagram showing the operation sequence of 
the apparatus shown in FIG. 10. 

FIG.12A shows one of the motions of the shock wave 
generator in order of the operation sequence shown in FIG. 
11. 
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FIG.12B shows another one 
wave generator in order of the 
FIG. 11. 

FIG.12C shows another one 
wave generator in order of the 
FIG. 11. 

FIG.12D shows another one 
wave generator in order of the 
FIG. 11. 



of the motions of the shock 
operation sequence shown in 

of the motions of the shock 
operation sequence shown in 

of the motions of the shock 
operation sequence shown in 



Preferred Embodiments for Carrying out the Invention 

Embodiment 1 

FIG.l is a structural block diagram of an apparatus for 
producing hydrogen according to Embodiment 1 of the present 
invention; and FIG. 2 is a sectional view of a reactor of the 
hydrogen production apparatus. In the figures, reference 
numeral 1 designates a reactor of a hydrogen production 
apparatus 20 conducting a reaction in which reactive 
particles containing hydrocarbon or carbon react with steam 
at a high temperature to produce hydrogen. The reactor 
includes a converging tube 2 having a converging portion 2A 
with a larger diameter at the upper end and a smaller 
diameter at the lower end and the cross section of the 
converging tube 2 thus decreases gradually from the upper 
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end to the lower end. A space at the downstream side of the 
converging tube 2 defines a compression chamber 3 serving as 
a reaction chamber. High-pressure steam is instantaneously 
released to the converging tube 2 to generate shock waves, 
and the shock waves are converged in the converging portion 
2A to produce a high-temperature, high-pressure converged 
shock wave. Then, in the compression chamber 3, a mixture 
of reactive particles and steam, described later, is impact- 
compressed by the converged shock wave to heat to a high 
temperature. Thus, the reactive particles and the steam in 
the mixture are allowed to react to produce gas that 
contains hydrogen . 

Furthermore, the compression chamber 3 of the reactor 1 
has a produced gas outlet 6 and an exhaust vent 7 at its 
bottom, and the produced gas outlet 6 and the exhaust vent 7 
respectively have at their ends control valves 8 and 9 which 
open at predetermined time. In addition, a reactive 
particle feeding port 10 for feeding the reactive particles 
into the converging tube 2 is provided at a position 
slightly higher than that of the produced gas outlet 6 and 
the exhaust vent 7, and the reactive particle feeding port 
10 has at its end a control valve 13 which opens at 
predetermined time. 

Reference numeral 11 designates a heat source 
comprising a large heat processing facility, such as a waste 
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incinerator, and reference numeral 12 designates a boiler 
serving as a heat exchanger which recovers the waste heat of 
exhaust gas from the heat source 11 and which heats a fluid 
(for example, water) by exchanging heat to generate high- 
pressure steam being high-pressure gas. The boiler 12 is 
connected to the upstream side of the reactor 1 and feeds 
the high-pressure steam into the converging tube 2 of the 
reactor 1. 

The heat source 11 is a heat generating source 
installed in thermal power plants, waste incineration plants, 
waste disposal plants, pig iron making facilities of 
ironworks, steel making facilities of ironworks, scrap 
melting facilities, nonferrous metal refining facilities, 
cement firing facilities, combustion facilities, and 
facilities using geothermal heat. The boiler 12 serving as 
a heat exchanger heats water (fluid) to generate high- 
pressure steam by use of exhaust gas from combustion 
apparatuses, incinerators, blast furnaces, steel converters, 
lime firing, coke ovens, sintering apparatuses, cupolas, and 
so forth of those heat generating sources. 

Reference numeral 14 designates a feeder for separating 
a raw material containing hydrocarbon or carbon from the 
other materials and crushing the raw material to pulverize 
it into reactive fine particles, and for feeding the 
reactive particles to the reactor 1. The feeder 14 is 
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connected to the upstream side of the reactive particle 
feeding port 10 of the reactor 1 and feeds the pulverized 
reactive particles through the control valve 13 at 
predetermined time . 

Reference numeral 15 designates a dust collector for 
removing impurities, such as unreacted reactive particles, 
halides and sulfur compounds, from the hydrogen-containing 
gas generated in the reactor 1. The dust collector is 
connected to the downstream side of the produced gas outlet 
6 of the reactor 1 and also connected to the feeder 14 so as 
to feed back the unreacted reactive particles for recycling. 
Reference numeral 16 is a separator for separating the 
hydrogen-containing gas from the dust collector 15 into 
hydrogen gas and CO gas so as to allow these gases to be 
taken out separately, and is connected to the downstream 
side of the dust collector 15. The separator 16 is, for 
example, a pressure swing adsorption apparatus (PSA) . Such 
separation of hydrogen is not limited to by pressure swing 
adsorption, and may be performed by other methods including 
membrane separation, low-temperature separation, and a 
technique of directly occluding hydrogen to a hydrogen- 
occluding material. Reference numeral 17 designates an 
exhaust pipe connected to the exhaust vent 7 via the control 
valve 9 and through which the steam remaining in the 
compression chamber 3 is discharged after the completion of 
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the reaction in the reactor 1. 

Preferably, the high-pressure steam has a temperature 
in the range of 200°C or higher to 400°C or lower. A high- 
pressure steam temperature of less than 200°C leads to a low 
reaction efficiency because it makes unstable the shock wave 
generated by instantaneously releasing the high-pressure 
steam, and does not allow a high-temperature, high-pressure 
field generated by the shock wave to reach a high 
temperature. Also, it is difficult to produce a high- 
pressure steam having a temperature of more than 400°C from 
relatively low-temperature waste heat of exhaust gas from 
the heat source 11, such as a waste incinerator. 
Accordingly, for such high-temperature, high-pressure steam, 
a dedicated heat source is required and the exhaust gas is 
not recycled effectively. A temperature of 300°C or more 
further increases the reaction efficiency. Therefore, it is 
preferable that the high-pressure steam has a temperature in 
the range from 300°C or higher to 400°C or lower. 
Preferably, the heat source 11 is a heat process providing 
warm heat having a temperature in the range of 50°C or 
higher to 600°C or lower. A warm heat of less than 50°C 
makes the pressure of the high-pressure steam low or 
insufficient. A warm heat of more than 600°C makes the 
temperature of the high-pressure steam to more than 400°C, 
and accordingly, the facility for producing such heat 
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becomes large and the process becomes complicated. Thus, 
the heat source 11 provides warm heat having a temperature 
in the range from 50°C or higher to 600°C or lower so as to 
produce high-pressure stream having a temperature in the 
range from 200°C or higher to 400°C or lower. 

Preferably, the high-pressure steam fed into the 
reactor 1 has a pressure at least five times as high as the 
internal pressure of the reactor 1 before the reaction. The 
shock wave is generated by instantaneously releasing the 
high-pressure steam into the reaction chamber (the inside of 
the converging tube 2) of the reactor 1. In this instance, 
a pressure ratio of at least 5 of the high-pressure steam to. 
the inside of the reactor 1 before the reaction can provide 
a shock wave sufficient for compressing the reactive 
particles and steam to heat them on its impact and thus for 
bringing them into a reaction. More preferably, the high- 
pressure steam has a pressure ratio of at least 10. Such 
pressure ratio enhances the stability of the shock wave and 
allows the high-temperature field (shock temperature) 
generated by the shock wave to reach a higher temperature, 
thus efficiently progressing the reaction between the 
reactive particles and the steam. Furthermore, by using a 
high-pressure steam having a pressure ratio in the range 
from 20 or higher to 40 or lower, the shock high temperature 
can be further increased to enhance the reaction efficiency. 



The shock wave generated by instantaneously releasing 
the high-pressure steam having a pressure ratio of at least 
5 to the internal pressure of the reactor 1 before the 
reaction may be propagated along the converging portion 2A, 
whose passage cross section area gradually decreases in the 
direction of shock wave movement, so that a plurality of 
shock waves interfere with each other to generate a 
converged shock wave. Thus, the shock high temperature can 
increase to a still higher level. As the ratio 
(constriction ratio) of the passage cross section area at 
the downstream side of the converging portion 2A to that at 
the upstream side decreases, the convergence density of the 
shock wave increases, and consequently the shock temperature 
reaches a high level. 

Operating the reactor 1 with the inside at atmospheric 
pressure before the reaction easily helps sealing for 
preventing ambient gas and the like from interfusing into 
the reactor 1 (converging tube 2) . If the internal pressure 
of the reactor 1 is set. at atmospheric pressure, the 
pressure of the high-pressure steam is set in the range from 
10 atmospheres or higher to 40 atmospheres or lower in order 
to set the pressure ratio of the high-pressure steam to the 
inside of the reactor 1 before the reaction in the range of 
10 or higher to 40 or lower, and the temperature of the 
high-pressure steam is set in the range from 200°C or higher 
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to 400°C or lower. High-pressure steam in this temperature 
range corresponds to steam generated by waste heat recovery 
boilers, such as waste heat boilers of waste incinerators; 
hence, energy can be used effectively. The internal 
pressure of the reactor 1 may be reduced before the reaction. 
Thus, the pressure ratio can be set high even if the 
pressure of the high-pressure steam is not sufficiently high. 
For reducing the internal pressure of the reactor 1, a 
blower for reducing pressure or a vacuum pump is used. 

Using the hydrogen production apparatus 20 having the 
above-described structure according to Embodiment 1, 
hydrogen is produced in the following process. 

(1) First, the control valve 13 is opened and the 
reactive particles are fed into the compression chamber 3 of 
the reactor 1 from the reactive particle feeding port 10 
through the feeder 14. On closing the control valve 13, the 
feeding of the reactive particles is stopped. At this 
moment, the gas outlet 6 and the valves 8 and 9 of the 
exhaust vent 7 are closed (see timing chart (1) shown in FIG. 
3) . 

(2) Then, high-pressure steam is instantaneously jetted 
into the converging tube 2 for an extremely short time of, 
for example, one to several milliseconds from the boiler 12, 
and the instantaneously released high-pressure steam 



generates shock waves. The shock waves travel toward the 
lower end of the converging tube 2. The shock waves are 
merged and converged into the converging portion 2A of the 
converging tube 2 to turn into a converged shock wave (see 
timing chart (2) shown in FIG. 3) . The converged shock wave 
travels to the compression chamber 3, and rapidly compresses 
steam together with the reactive particles fed into the 
compression chamber 3 to increase temperature. On reaching 
a temperature of, for example, 3000 K, the reactive 
particles instantaneously react with the high-pressure steam 
to produce gas that contains hydrogen gas and CO gas due to 
such ultrahigh temperature. 

The reaction of the reactive particles containing 
hydrocarbon or carbon with the steam to produce hydrogen and 
CO proceeds as follows: 

C m H 2n + mH 2 0 -> mCO + (m+n) H 2 

C + H 2 0 -> CO + H 2 

(3) When the control valve 8 of the produced gas outlet 
6 is opened, the hydrogen-containing gas in the reactor 1 
(compression chamber 3) is transmitted to the dust collector 
15, and unreacted reactive particles and impurities are 
removed by the dust collector 15 (see timing chart (3) shown 
in FIG. 3) . At this moment, the unreacted reactive 
particles are transmitted to the feeder 14 for recycling. 
Then, the hydrogen-containing gas is separated into hydrogen 
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gas and CO gas in the separator 16, and they are taken out 
separately. 

(4) In the reactor 1, on transmitting the hydrogen- 
containing gas to the dust collector 15, the control valve 8 
of the gas outlet 6 is closed and the control valve 9 of the 
exhaust vent 7 is opened, so that the remaining gas in the 
compression chamber 3, including steam is discharged to the 
outside through the exhaust pipe 17. Thus, the reactor 1 is 
ready for subsequent hydrogen production (see timing chart 
(4) shown in FIG. 3) . 

As described above, the reaction for producing hydrogen 
is conducted through the process in which high-pressure 
steam having a temperature in the range of 200°C or higher 
to 400°C or lower is generated using waste heat of exhaust 
gas from a heat source 11 being a large heat process 
facility, such as a waste incinerator; the high-pressure 
steam is instantaneously jetted into the reactor 1 to 
generate shock waves; the shock waves are converged to turn 
into a converged shock wave; and the converged shock wave 
heats steam and reactive particles to a high temperature so 
as to react with each other. Thus, low-temperature energy, 
which is conventionally disposed of, is used effectively. 
Also, since the converged shock wave is easily produced and 
used for instantaneously providing a high-temperature field, 
the operation of the apparatus can be easily started and 
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suspended. Thus, the method and apparatus for producing 
hydrogen induce hydrogen production only when hydrogen 
supply is required. 

The reactor 1 produces hydrogen basically by repetition 
of a batch process, and accordingly the operation of the 
apparatus can be rapidly started and suspended. Also, the 
separator 16 repeats a batch operation for separating 
hydrogen, basically, and accordingly it can be 
instantaneously operated according to the variation of the 
heat source by, for example, varying the cycle time. Thus, 
hydrogen is supplied readily and immediately when required, 
without installing an expensive hydrogen storage facility or 
the like. Thus, the method and apparatus of the present 
invention provide hydrogen at a low cost. 

In Embodiment 1, the raw material and the compression 
chamber may be preheated in advance. In this instance, they 
are preheated to the degree of 200°C or more, but it is 
unnecessary to heat to the degree of 600°C or more as in the 
steam reformer process described in prior art 2. By 
preheating, reaction efficiency in the compression chamber 3 
is increased and the amount of steam used is reduced. 

Impurities contained in the reactive particles, such as 
halides, sulfur compound, foreign matter, and other 
substances and compounds not involved in or inhibiting the 
reaction, may be removed before feeding the reactive 
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particles, which are fed into the reactor 1 by the feeder 14 
in Embodiment 1. Thus, the dust collector 15 can easily 
remove impurities, and the reactor 1 can produce hydrogen 
containing few impurities. 

Part of the CO gas produced together with hydrogen in 
the reactor 1 may be supplied to the reactor 1 after being 
separated from the hydrogen, thus reacting with steam to 
form a raw material for producing hydrogen. Thus, the 
reactive particles to be fed, such as powdered coal, can be 
saved . 

Embodiment 2 

FIG. 4 is a structural block diagram of a hydrogen 
production apparatus according to Embodiment 2 of the 
present invention. In Embodiment 2, the boiler 12 being a 
heat exchanger of the hydrogen production apparatus 20 of 
Embodiment 1, which recovers the waste heat of exhaust gas 
from the heat source 11 and which heats a fluid (for example, 
water) to generate high-pressure steam by heat exchange, is 
replaced with a heater 12A which recovers the waste heat of 
exhaust gas from the heat source 11 and which heats a low- 
boiling-point fluid to generate high-pressure gas by heat 
exchange . 

The low-boiling-point fluid has a boiling point lower 
than that of water, and may be LNG, LPG, liquefied carbon 
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dioxide, ammonia, DME (dimethyl ether), an alcohol, or an 
ether. The low-boiling-point fluid itself may serve as a 
raw material of the reaction (hydrogen production) in some 
cases . 

This structure provides substantially the same effects 
and advantages as Embodiment 1, and allows the low-boiling- 
point fluid to turn into high-pressure gas at a low 
temperature or a low energy. Thus, low-temperature energy, 
which is conventionally disposed of or whose effective use 
has not been found, can be used effectively. In addition, 
Embodiment 2 provides a method for producing hydrogen at a 
low cost in which the apparatus can start and suspend 
operation according to request to supply hydrogen, and an 
apparatus for the method. 

Embodiment 3 

In Embodiment 3 of the present invention, the hydrogen 
production apparatus 20 of Embodiment 1 is installed in a 
predetermined site to constitute a hydrogen supply plant, 
and is used as, for example, a hydrogen supply source for 
fuel-cell vehicles . 

In the hydrogen supply plant having such a structure, 
when a fuel-cell vehicle comes in for feeding hydrogen, the 
hydrogen production apparatus 20 immediately starts 
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operating to produce hydrogen and supply it into the tank of 
the vehicle. On completing hydrogen supply, the operation 
of the hydrogen production apparatus 20 is suspended. When 
another vehicle comes in, the hydrogen production apparatus 
20 starts operation to supply hydrogen again as above. 

Since the hydrogen production apparatus 20 is installed 
in a predetermined site to constitute a hydrogen supply 
plant, hydrogen is supplied to fill the object easily and 
immediately according to a demand for hydrogen, without 
providing an expensive hydrogen storage facility or the like. 
Thus, the hydrogen supply plant supplies hydrogen at a low 
cost . 

If the heat source of Embodiment 3 is a combustion 
facility for generating electric power by generating steam 
from generated heat and supplying the steam to a turbine, 
like an incinerator of a waste incineration plant, at least 
part of the steam is fed into the hydrogen production 
apparatus and thus hydrogen can be easily produced and 
supplied when hydrogen supply is required. Thus, the 
hydrogen supply plant can supply hydrogen at a low cost. 

Although Embodiment 3 illustrates a hydrogen supply 
plant including the hydrogen production apparatus 20 
according to Embodiment 1, the hydrogen supply plant may 
include hydrogen production apparatus 20 according to 
Embodiment 2. Such plant produces the same effects. 
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Embodiment 4 

FIG. 5 is a structural block diagram of a hydrogen 
production apparatus according to Embodiment 4 of the 
present invention. In Embodiment 4, a large heat process 
facility serving as the heat source 11 of the hydrogen 
production apparatus 20 of Embodiment 1 is defined by a 
waste incineration plant including a boiler 12, and steam 
generated from the waste incineration plant is used for 
producing hydrogen . 

The waste incineration plant generates high-pressure 
steam in the boiler 12 using waste heat from an incinerator 
18 for burning wastes. The generated high-pressure steam is 
switched between the boiler 12 and the reactor 1 by a 
switching valve 5, and thus fed to the reactor 1 or a steam 
turbine 19 described later. On feeding the steam to the 
steam turbine 19, the steam turbine 19 is driven by the 
steam to drive a generator 21 connected to the steam turbine 
19, and thus electric power is generated. On feeding the 
steam to the reactor 1, a shock wave is generated in the 
reactor 1, and the shock wave causes the reactive particles 
and steam in the reactor 1 to react to produce gas that 
contains hydrogen. The steam after being used for driving 
the steam turbine 19 is recycled for a heated effluent 
facility or the like effectively. 
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The boiler 12 is connected to an exhaust gas-processing 
apparatus 22 for processing exhaust gas coming through the 
boiler 12 from the incinerator 18 into a state releasable to 
the air. Exhaust gas from the incinerator 18 is drawn to 
the exhaust gas-processing apparatus 22 by an inducing fan 
23 connected to the exhaust gas-processing apparatus 22. 
The exhaust gas is processed into a state releasable to the 
air in the exhaust gas-processing apparatus 22 and released 
to the air through a smokestack 24. 

On the other hand, the separator 16, which is a 
pressure swing adsorption apparatus ( PSA) for separating 
hydrogen gas and CO gas from hydrogen-containing gas from 
which unreacted reactive particles and the like have been 
removed by the dust collector 15, is connected to a hydrogen 
supply apparatus 25 for supplying the separated hydrogen on 
an as-needed basis to objects which require hydrogen, and 
also connected to the incinerator 18 so as to feed back the 
separated CO gas for effective recycling. In particular, in 
the case where the incinerator 18 is intended for wastes, 
supplying the CO gas to a combustion-starting region has an 
effect on stabilizing combustion. In addition, by supplying 
steam discharged from the exhaust vent 7 of the reactor 1 to 
the low-pressure side of the steam turbine 19, energy can be 
used effectively. 

This structure produces substantially the same effects 



and advantages as Embodiment 1. In this structure, a waste 
incineration plant serves as the heat source 11, and at 
least part of the steam fed into the steam turbine 19 side 
and used for power generation is supplied to the reactor 1 
with a switching valve 5 for switching steam supply between 
the reactor 1 and the steam turbine 19, provided between the 
boiler 12 of the waste incineration plant and the reactor 1 
and is thus used for hydrogen production. Thus, the 
entirety of steam is used for power generation when hydrogen 
supply is not required. Also, when a constant amount of 
steam required for generating a steady amount of power is 
generated in the boiler, the entire amount of steam is used 
for power generation, and when the amount of waste increases 
to generate a larger amount of steam than the constant 
amount, the surplus steam may be used for hydrogen 
production . 

Thus, the variable surplus of steam generated from the 
boiler 12 is used effectively. Also, since an amount of 
heat sufficient to cause reactive particles and high- 
pressure steam in the reactor 1 to react can be supplied in 
a short time, energy loss at the startup and suspension of 
the operation of the apparatus can decrease. Thus, the 
equipment cost and running cost of the hydrogen production 
apparatus 20 are reduced. Furthermore, the CO gas separated 
by the separator 16 can be used effectively as the fuel of 
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the incinerator. 

Although, in Embodiment 4, at least part of the steam 
generated from the waste incinerator plant is supplied to 
the reactor 1 to operate the hydrogen production apparatus 
20 only when hydrogen supply is required, product storage 
means for steadily supplying hydrogen in response to the 
changes in amount of heat generated from the heat source 11 
may be provided to the dust collector 15, the separator 16, 
the hydrogen production apparatus 25, and so forth. Thus, 
the amount of heat generated from the heat source 11 is 
controlled at any time between the storage means and the 
reactor 1 side or the steam turbine 19 side, so that the 
economical efficiency of the hydrogen production apparatus 
20 increases. 

Although Embodiment 4 uses a waste incinerator plant as 
the heat source of the hydrogen production apparatus 20 
according to Embodiment 1, the waste incinerator plant may 
be used as the heat source of the hydrogen production 
apparatus 20 according to Embodiment 2. Such structure also 
produces the same effects. 

Embodiment. 5 

FIG. 6 is a structural block diagram of an electric 
power generation plant, which burns a hydrogen-containing 
gas, according to Embodiment 5 of the present invention. In 



Embodiment 5, a hydrogen-containing gas generated by the 
operation of the hydrogen production apparatus 20 according 
to Embodiment 1 is fed to a gas turbine power generator as a 
fuel to generate electric power. 

High-pressure steam generated in the boiler 12 
recovering waste heat from the large heat processing 
facility 11 is fed to the reactor 1 to generate a shock wave 
in the reactor 1. The shock wave causes reactive particles 
and steam in the reactor 1 to react to produce hydrogen- 
containing gas. The hydrogen-containing gas produced in the 
reactor 1 from which unreacted reactive particles and the 
like are removed by the dust collector 15 also contains CO, 
which is used as a high-calorie fuel. The hydrogen- 
containing gas is temporarily stored in a storage apparatus 
30, and then supplied to the gas turbine power generator 31. 

Power generation by burning the hydrogen-containing gas 
in a gas turbine significantly increases the efficiency of 
power generation in comparison with that of power generation 
by driving a steam turbine using waste heat recovered from 
conventional heat processes. Since the hydrogen-containing 
gas does not contain harmful substances unsuitable for 
combustion in the gas turbine, such as sulfur compounds and 
chlorides, pretreatment of the gas is not necessary, 
including removal of those harmful substances. Thus , facility 
cost and running cost can decrease. 
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By storing the hydrogen-containing gas in the storage 
apparatus 30, the amount of the hydrogen gas supplied to the 
gas turbine can be adjusted so as to control the amount of 
power to be generated, according to the demand for electric 
power. Thus, the balance between the demand and supply of 
electric power can be equalized. In addition, power 
generation can be performed during time periods when the 
price of power is high so that profit in selling power 
increases . 

As described above, the present embodiment realizes a 
reaction requiring high temperature at a low cost, using 
relatively low-temperature waste energy discharged from 
various types of heat processes. The apparatus performing 
the reaction easily generates a shock wave using the 
relatively low-temperature waste energy and instantaneously 
generates a high-temperature field. Therefore it becomes 
easy to start and suspend the operation of the apparatus, 
resulting in performing the reaction of the hydrogen 
production, for example, only when hydrogen supply is 
required to be supplied. Thus, the hydrogen can be produced 
and supplied at a low cost, simultaneously with reducing the 
running cost and the investment cost. 



Embodiment 6 
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FIG. 7 is a schematic diagram of the structure of a 
hydrogen production apparatus according to Embodiment 6 of 
the present invention. 

The hydrogen production apparatus of the present 
embodiment includes a reactor 101 for allowing to react a 
mixture of steam and fine powder prepared by pulverizing 
plastic material collected as waste (hereinafter referred to 
as waste plastics) or powdery waste plastics (hereinafter 
referred to as waste plastic powder) , as shown in FIG. 7. 

The reactor 101 is connected to a reactive particle 
feeder 102 for feeding the waste plastic powder into the 
reactor 101. The reactive particle feeder 102 includes a 
pulverizer 102a for pulverizing waste plastics and a feeder 
102b for feeding the waste plastic powder prepared with the 
pulverizer 102a into the reactor 101 through a high-speed 
switching valve 102c. The waste plastics are transferred to 
the pulverizer 102a by an inert gas, such as N 2 . 

The reactor 101 is connected to a waste heat boiler 
103a feeding steam to the reactor 101 through a high-speed 
valve 103b. The waste heat boiler 103a generates steam 
serving as high-pressure gas, using waste heat from a 
combustion apparatus or heat process apparatus 108, such as 
a sintering furnace, a heating furnace, or a waste 
incinerator. In the present embodiment, a shock wave is 
generated by opening switching means, described below, to 
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instantaneously release steam from the waste heat boiler 
103a. The waste heat boiler 103a and the switching means 
define a shock wave generator 103 and double as a steam 
feeder . 

A shock wave generated by the shock wave generator 103 
compresses the mixture in the reactor 101 to heat it, 
thereby producing hydrogen. 

A switching member may be provided to the reactor 101, 
instead of the high-speed switching valves 102c and 103b. 

A Laval nozzle 104 is also connected to the reactor 101 
for jetting high-pressure hydrogen-containing gas produced 
by a reaction of the mixture of the waste plastic powder and 
steam, at a high speed. 

The Laval nozzle 104 communicates with a gas tank 105 
for temporarily accommodating the hydrogen-containing gas 
discharged from the Laval nozzle 104 to reduce the pressure. 

The gas tank 105 communicates with a bag filter 
apparatus 106 for removing unreacted reactive particles from 
the hydrogen-containing gas whose pressure is reduced in the 
gas tank 105. 

The bag filter apparatus 106 is connected to a pressure 
swing adsorption (PSA) apparatus 107 for separating hydrogen 
from the hydrogen-containing gas from which unreacted 
reactive particles have been removed by the bag filter 106. 
The bag filter 106 is also connected to the feeder 102b so 
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as to feed back the removed unreacted reactive particles for 
recycling . 

The pressure swing adsorption apparatus 107 is 
connected to the combustion apparatus or heat process 
apparatus 108 to feed back the carbon monoxide (CO) 
remaining after separation as a fuel for recycling. 

The reactor 101 will now be further described in detail 
with reference to FIG. 8. 

FIG . 8A is a schematic illustration of the reactor 101, 
and FIG. 8B is a sectional view taken along line I-I of FIG. 
8A. 

As shown in FIG.8A and FIG.8B, compression chambers 
101a for accommodating the mixture of the waste plastic 
powder and steam and impact-compressing the mixture to heat 
it extend along the axis of a revolution body 101b, in a 
plurality of positions in the peripheral direction of the 
revolution body 101b, and whose ends in the axis direction 
are open. 

Switching members 101C are provided so as to oppose the 
respective end surfaces in the axis direction of the 
revolution body 101b with such a predetermined clearance as 
to allow the revolution body 101b to revolve. The spaces 
between the switching members 101c and the curved surface of 
the revolution body 101b are sealed with sealing members 
lOle. The sealing may use a labyrinth seal. 



- 41 - 

One of the switching members 101c at the side from 
which the waste plastic powder and steam are fed 
(hereinafter referred to as the feeding side) is provided 
with two openings: one opening lOlcl communicates with the 
feeder 102b of the reactive particle feeder 102 for feeding 
the waste plastic powder into the compression chamber 101a; 
and the other opening 101c2 communicates with the waste heat 
boiler 103a of the shock wave generator 103 for feeding 
steam into the compression chamber 101a. The other 
switching member 101c at the side from which the hydrogen- 
containing gas is discharged (hereinafter referred to as the 
discharge side) is provided with the Laval nozzle 104. 

The revolution body 101b is rotatably supported by a 
supporting member lOld, such as a bearing, and is driven to 
revolve by driving means (not shown in the figures) . The 
revolution body 101b intermittently or continuously revolves 
so that the opening 101c2 alternately opposes the openings 
of the compression chambers 101a and the end surface of the 
revolution body 101b at a position where the radiuses of the 
opening . 101c2 and the compression chamber 101a extend in 
substantially the same direction. 

When the opening 101c2 opposes the end surface of the 
revolution body 101b, the opening 101c2 comes into contact 
with the end surface of the revolution body 101b to block 
the communication between the waste heat boiler 103a and the 
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compression chambers 101a, and when the opening 101c2 
opposes the opening of one of the compression chambers 101a, 
the opening 101c2 is joined with the opening of the 
compression chamber 101a to establish a communication 
between the compression chamber 101a and the waste heat 
boiler 103a. In the present embodiment, thus, such 
collaboration between the opening 101c2 and the end surface 
of the revolution body 101b defines switching means for 
establishing and blocking the communication between the 
compression chambers 101a and the waste heat boiler 103a. 

On the other hand, when the opening 101c2 opposes the 
opening of the compression chamber 101a, the other opening 
101c! is also joined with the opening of one of the other 
compression chambers 101a opposite to the opening 101c2 in 
the radius direction to establish a communication between 
the compression chamber 101a and the feeder 102b. In the 
present embodiment, thus, such collaboration between the 
opening lOlcl and the end surface of the revolution body 
101b defines switching means for establishing and blocking 
the communication between the compression chamber 101a and 
the feeder 102b. 

The Laval nozzle 4 is joined with the opening of the 
compression chamber 101a at the discharge side to establish 
a communication between the compression chamber 101a and the 
gas tank 105 when the opening 101c2 opposes the end surface 



of the revolution body 101b. 

Thus, as shown in FIG.8B, the waste plastic powder is 
intermittently or continuously fed into the plurality of 
compression chambers 101a from the feeder 102b from one 
after another when the opening lOlcl opposes the opening of 
the compression chamber 101a during revolution of the 
revolution body 101b f and steam is fed into the compression 
chamber 101a to which the waste plastic powder has been fed 
when the opening of the compression chamber 101a opposes the 
opening 101c2 after the revolution body 101a has taken a 
turn of 180°. When the opening 101c2 closed by the end 
surface of the revolution body 101b comes to the position 
opposing the opening of the compression chamber 101a to 
establish a communication, the high-pressure steam from the 
waste heat boiler 103a is instantaneously released. Thus, 
the steam jetted from the opening 101c2 turns into a shock 
wave and propagates in the compression chamber 101a. 

The process for producing hydrogen of the present 
embodiment will now be described with reference to FIG. 7 and 
FIG. 8. 

(1) First, waste plastic powder is fed into the 
compression chamber 101a communicating with the opening 
lOlcl through the high-speed switching valve 102c by the 
feeder 102b of the reactive particle feeder 102. The waste 
plastic powder is prepared by pulverizing waste plastics 



with the pulverizer 102a and fed into the feeder 102b. The 
waste plastics are transferred to the pulverizer 102a by an 
inert gas, such as N 2 . In addition to waste plastic powder, 
the reactive particles may comprise coke breeze or powdered 
coal, and such coke breeze or powdered coal may be fed into 
the feeder 2b, instead of waste plastic powder. 

(2) The revolution body 101b turns and establishes a 
communication between the opening 101c2 and the compression 
chamber 101a to which the waste plastic powder has been fed. 
At this moment, the opening 101c2 closed by the opposing end 
surface of the revolution body 101b is instantaneously 
opened to establish a communication with the compression 
chamber 101a, and thereby high-pressure steam from the waste 
heat boiler 103a is instantaneously released to turn into a 
shock wave. The shock wave is thus fed into the compression 
chamber 101a and propagated. In the present embodiment, the 
steam in the waste heat boiler 103a, for example, has a 
temperature of 400°C and a pressure of 4 MPa. 

(3) On propagating the shock wave of the high-pressure 
steam into the compression chamber 101a containing the waste 
plastic powder, the waste plastic powder is heated by 
compression against an end of the compression chamber 101a 
on the impact of the shock wave, thereby reacting with the 
steam to produce a hydrogen-containing gas. In this 
instance, in the present embodiment, the mixture in the 
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compression chamber 101a has a temperature of 1500°C and a 
pressure of 4 MPa. The waste plastic powder is generally 
expressed by the chemical formula C 2n H4 n , and the reaction in 
the compression chamber 101a is principally expressed by 
C 2n H 4n + 2nH 2 0 -> 2nCO + 4nH 2 . By continuously revolving the 
revolution body lb as above, the reaction is continuously 
carried out to produce the hydrogen-containing gas 
continuously. 

(4) The hydrogen-containing gas produced in the 
compression chamber 101a is jetted into the gas tank 105 
through the Laval nozzle 104 provided to the reactor 101, 
and thus temporarily accommodated. In this instance, since 
the high-pressure hydrogen-containing gas jetted from the 
Laval nozzle 104 is rapidly cooled while being heat- 
insulated, counterreaction is prevented. Since the gas tank 
105 has a relatively large space, the high-pressure 
hydrogen-containing gas jetted from the Laval nozzle 104 is 
temporarily accommodated in the gas tank 105 to reduce its 
pressure. As described above, the present embodiment 
prevents counterreaction and enhances the efficiency of the 
reaction by reducing the pressure and temperature of the 
high-pressure, high-temperature hydrogen-containing gas. 

(5) Then, the hydrogen-containing gas in the gas tank 
105 is passed through the bag filter apparatus 106 to remove 
unreacted reactive particles remaining in the hydrogen- 
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containing gas. The unreacted reactive particles collected 
by the bag filter apparatus 106 are returned to the feeder 
102b for recycling. 

(6) The hydrogen-containing gas passed through the bag 
filter apparatus 106 is separated into hydrogen and carbon 
monoxide (CO), and thus hydrogen is obtained. The CO 
separated from the hydrogen-containing gas is used as a fuel 
in the combustion apparatus or heat process apparatus 108, 
and thus recycled effectively. 

While some of the embodiments of the present invention 
have been illustrated above, the present invention is not 
limited to the foregoing embodiments, and various 
modifications may be made without departing from the scope 
and spirit of the invention as defined in and by the claims. 
For example, for generation of the shock wave using high- 
pressure steam from the waste heat boiler 103a, the high- 
speed switching valve 103b may be switched, or a film 
provided between the compression chamber 101a and the waste 
heat boiler 103a may be broken to release the high-pressure 
steam. 

Preferably, the waste plastic powder or coke breeze 
used as the reactive particles has a particle size of 100 Jim 
or less from the viewpoint of ensuring the reaction. 

In addition to the waste plastic powder and coke breeze, 
other materials containing hydrocarbon or carbon may be used 
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as the reactive particles. 

The conditions of temperature, pressure, and the like 
are not limited to the above-mentioned values, and any 
conditions may be applied as long as the reactive particles 
and steam react in the compression chamber to produce 
hydrogen . 

In the present embodiment, a mixture of steam and 
reactive particles containing hydrocarbon or carbon is 
impact-compressed and rapidly heated to cause the reactive 
particles and the steam to react, by a shock wave generated 
and propagated by jetting high-pressure gas into a 
compression chamber containing the steam and the reactive 
particles, thereby producing hydrogen. Therefore, the heat 
sufficient for the reaction can be efficiently supplied to 
the mixture in a short time. The method of the present 
invention does not require preheating the reactor, and 
accordingly energy is not lost in the steps of starting and 
suspending the operation of the apparatus. Temperature is 
increased in only an area where it is required only when it 
is require, without maintaining high temperature over a long 
period continuously from the startup of the operation to the 
suspension. Accordingly, not only is energy loss reduced, 
but also time loss is reduced, and thus small-scale 
production or short-time production become possible. Also, 
since reactive particles and steam suffice for the raw 
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material, no dedicated fuel is required. Furthermore, the 
reactive particles and the steam do not produce carbon 
dioxide in the principal reaction proceeding in the 
compression chamber. This means that hydrogen is produced 
while emission of carbon dioxide is prevented. 

The apparatus of the present embodiments can 
efficiently supply to a mixture an amount of heat sufficient 
for the reaction of the mixture, and accordingly it is not 
necessary to preheat the reactor. Thus, energy loss in the 
steps of starting and suspending the operation of the 
apparatus is reduced, and consequently the running cost of 
the apparatus is reduced. In addition, temperature is 
increased in only an area where it is required only when it 
is require, without maintaining high temperature over a long 
period continuously from the startup of the operation to the 
suspension. Accordingly, many fire-resistant materials are 
not required and thus the cost of the apparatus is reduced. 
Also, not only is energy loss reduced, but also time loss is 
reduced, and thus the apparatus allows small-scale 
production . 

Embodiment 7 

A hydrogen production apparatus according to Embodiment 
7 will now be described with reference to some of the 
attached drawings. 
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In FIG. 9, a cylindrical cylinder 202 having an axis 201 
is sealed. A piston 203 is provided in such a manner as to 
freely slide in the direction of the axis, in the cylinder 
202, thus dividing the space in the cylinder 202 into a 
pressure space P and a backpressure space B. 

A converging tube 204 is provided in the pressure space 
P in the cylinder 201. The converging tube 204 extends to 
the outside of the cylinder 202 through one 202A of the end 
walls of the cylinder 202. The converging tube 204 has an 
inlet opening 204A with a larger diameter, and an external 
portion 204B whose diameter decreases toward the outlet 
opening outside the cylinder 202. The diameter gradually 
decreases from the inlet opening 204A to the external 
portion 204B. The inlet opening 204A is tapered. 

The piston 203, in the present invention, is formed in 
a light weight by pressing a metal plate, and is accordingly 
so light as to be suitable for quick movement with respect 
to the cylinder 202. The piston 203 has a skirt 203A in 
contact with the internal wall of the cylinder 2, capable of 
sliding on the wall, and a tapered portion 203B in the 
position where the pressure space P and the backpressure 
space B are separated. The tapered portion 203B is tapered 
so as to come into close contact with the tapered portion of 
the inlet opening 204A of the converging tube 204. In 
addition, a coiled spring 205 is provided between the piston 



- 50 - 



203 and the other end wall 202B of the cylinder 202 and 
places a backpressure on the piston 203 to press it on the 
inlet opening 204A of the converging tube 204. 

The cylinder 202 is joined to a high-pressure steam 
feeding tube 206 communicating with the pressure space P, a 
backpressure stream feeding tube 207 communicating with the 
backpressure space B, and an exhaust tube 208. 

Such a shock wave generator of the present embodiment 
is used as shown in FIG. 10. The high-pressure steam feeding 
tube 206, backpressure steam feeding tube 207, and exhaust 
tube 208 joined to the cylinder 202 have valves 206A, 207A, 
and 208A, respectively. The valve 206A is normally open and 
valves 207A and 208A are opened at a given time according to 
a sequence. In the present embodiment, part of the high- 
pressure steam fed from the high-pressure steam feeding tube 
206 is used as backpressure steam, and the backpressure 
steam feeding tube 207 is therefore diverged from the high- 
pressure steam feeding tube 206. 

The converging tube 204 of the shock wave generator is 
connected to a reactor 210 at its outlet side. The form of 
the reactor 210 is not particularly limited, as long as it 
has a compression chamber suitable for instantaneously 
compressing the raw material or reactive particles together 
with high-pressure steam by a shock wave of the high- 
pressure steam from a shock wave generator. 
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Such a compression chamber is joined to a reactive 
particle feeding tube 211 for feeding reactive particles 
into the compression chamber, a produced gas outlet tube 212, 
and an exhaust tube 213, and has a valve (not shown in the 
figures) opening or closing at a predetermined time. 

The operation of the present embodiment will now be 
described using an example in which steam and waste plastic 
powder as reactive particles react to produce hydrogen using 
a shock wave. 

In FIG. 10, high-pressure steam is fed into the pressure 
space P of the cylinder 202 from the high-pressure steam 
feeding tube 206 through the valve 206A in open state. The 
valve 206A is normally open. The high-pressure steam is 
also fed to the backpressure feeding tube 207A through the 
valve 207A in open state. 

(1) In this state, the pressure space P and 
backpressure space B of the cylinder 2 are filled with the 
high-pressure steam, and the piston 203 is pressed against 
the inlet opening 204A of the converging tube 204 by the 
urge of the coiled spring 205, thus closing the inlet 
opening 204A (see FIG. 12(A)). 

(2) The reactive particles being the raw material are 
fed into the compression chamber of the reactor 210 from the 
reactive particle feeding tube 211 to fill the chamber (see 
FIG. 11 (1) . 
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(3) Then, the valve 208A is instantaneously opened to 
reduce the pressure of the backpressure space B (see FIG. 
11(2)). Consequently, the pressure of the pressure space P 
becomes higher than that of the backpressure space B and the 
urge of the spring, so that the piston 203 backs off against 
the backpressure to provide a space between it and the inlet 
opening 204A of the converging tube 204. The high-pressure 
steam flows into the converging tube 204 from this space 
(see FIG. 12B) . This instantaneous flow of the high- 
pressure steam causes a shock wave to occur in the 
converging tube 204. The shock wave is propagated to the 
outlet opening of the converging tube 204 to instantaneously 
compress the steam entering the compression chamber 210 
together with the waste plastic powder and thus to heat them, 
thereby causing a reaction to produce hydrogen gas. 

(4) The hydrogen gas is taken out from the produced gas 
outlet tube 212 (see FIG. 11(3)) and high-pressure steam is 
simultaneously fed as backpressure to the backpressure space 
B (see FIG. 12C) , so that the piston 203 closes the inlet 
opening 204A of the converging tube 204 (see FIG. 12D) . In 
the reactor 210, exhaust gas including steam in the 
compression chamber is discharged form the exhaust tube 213 
(see FIG. 11 (4) ) . 

If the pressure space P is connected to the valve 207A 
with a duct 209, designated by a dashed line in FIG. 10, 



when the high-pressure steam is fed into the backpressure 
space B, the high-pressure steam to remain in the pressure 
space flows to the backpressure space B due to the open 
motion of the valve 207A. Thus, the pressure space P is 
always filled with fresh high-pressure steam to maintain 
high temperature. 

In the present embodiment, the reactive particle 
feeding tube 211, produced gas outlet tube 212, and exhaust 
tube 213 may each have a switching valve, and these valves 
and valves 207A and 208A may be sequentially opened or 
closed for a period and in order shown in FIG. 11 by a cam 
mechanism. Alternatively, the operation of the valves may 
be controlled by a control circuit for controlling the' 
valves so as to sequentially open and close for the period 
and in order above. 

As described above, the present embodiment achieves the 
generation of a shock wave in an extremely simple structure 
in which no member but the piston moves relatively with 
respect to other members. Thus, the apparatus for producing 
hydrogen using a shock wave can be downsized and simplified, 
and the price of the apparatus can decrease. 



